Background The treatment of choice in sacral chordoma is surgical resection, although the risk of local recurrence and metastasis remains high. The quality of surgical margins obtained at initial surgery is the primary factor to improve survival reducing the risk of local recurrence, but proximal sacral resections are associated with substantial perioperative morbidity. Questions/purposes We considered survivorship related to local recurrence in terms of surgical margins, level of resection, and previous surgery. Methods We retrospectively reviewed 56 patients with sacral chordomas treated with surgical resection. Thirtyseven were resected above S3 by a combined anterior and posterior approach and 19 at or below S3 by a posterior approach. Nine of these had had previous intralesional surgery elsewhere. The minimum followup was 3 years (mean, 9.5 years; range, 3-28 years). Results Overall survival was 97% at 5 years, 71% at 10 years, and 47% at 15 years. Survivorship to local recurrence was 65% at 5 years and 52% at 10 years. Thirty percent of patients developed metastases. Wide margins were associated with increased survivorship to local recurrence. We found no differences in local recurrence between wide and wide-contaminated margins (that is, if the tumor or its pseudocapsule was exposed intraoperatively, but further tissue was removed to achieve wide margins). Previous intralesional surgery was associated with an increased local recurrence rate. We observed no differences in the recurrence rate in resections above S3 or at and below S3. Conclusions Surgical margins affect the risk of local recurrence. Previous intralesional surgery was associated with a higher rate of local recurrence. Intraoperative contamination did not affect the risk of local recurrence when wide margins were subsequently attained.
Introduction
Chordomas are rare, low-grade, slow-growing primary bone tumors arising from embryonic notochordal remnants [32] . The most common location is the sacrococcygeal region (40%-50%) and the base of the skull (35%-40%) followed by the vertebral bodies (15%-20%) [15, 53] . Distant metastases to the lungs, bone, soft tissues, lymph nodes, liver, and skin have been reported in up to 43% of patients [12, 27, 48] . Treatment of chordomas is described in various studies [2, 4-6, 13, 14, 20, 26, 29, 31, 39, 44, 47, 56, 57] . Its minimal response to chemo-and radiotherapy [6, 13] makes surgery the treatment of choice [14, 47] . Local recurrence rates range from 43% to 85% [2, 4, 5, 20, 26, 29, 31, 56, 57] depending on the surgical margins obtained at initial Each author certifies that he or she has no commercial associations (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved the reporting of these cases, that all investigations were conducted in conformity with ethical principles of research, and that informed consent for participation in the study was obtained.
surgery. Despite the minimal response to radiotherapy, most authors consider it a reasonable alternative for inoperable disease, contaminated surgical margins, or elderly patients [3, 5, 10, 12-14, 30, 39, 42, 43, 50, 51, 57] . Reoperation is associated with increased morbidity because of extensive scarring and difficulty in establishing tissue planes.
Several studies report local recurrence in large series at long-term followup [5, 20, 29] . The surgical margins at initial surgery are the most important factor influencing local recurrence [5, 9, 20, 29, 31, 36, 50] . Resections with wide margins reportedly have a lower local recurrence rate than those with inadequate margins [5, 20] .
To confirm previous reports we therefore (1) determined the survival rates in patients with sacral chordoma treated by resection; and (2) determined the effect of surgical margins, previous intralesional surgery, and level of resection on survivorship to local recurrence.
Patients and Methods
We retrospectively reviewed the records of 103 patients with sacral chordoma treated from November 1976 to November 2006. We excluded 47 patients who had palliative surgery (either debulking or intralesional surgery) because their medical conditions contraindicated extensive surgery, chemo-, and/or radiation therapy. This left 56 patients, 32 males and 24 females with a mean age of 55 years (range, 22-76 years). Nine had previous intralesional surgery elsewhere; the remaining 47 patients had primary treatment at the time of diagnosis at our institution. None of these 56 patients had any treatment other than surgery. Excluding three patients who died early postoperatively from complications not associated with the primary tumor, the median followup for the remaining patients from surgery to death or the last followup for the purpose of this study was 9.5 years (range, 3-28 years) ( Table 1 ). All patients gave written informed consent to be included in this study. The study was approved by the Institutional Review Board/Ethics Committee of the authors' institution.
Histologic diagnosis was established by trocar or open biopsy. Three patients had transrectal biopsy elsewhere before admission to our institution; 21 patients had biopsy at our institution, and the remaining 32 patients had biopsy elsewhere and were referred to our institution for further treatment. All histologic slides were reviewed by an experienced pathologist (MA) to confirm diagnosis. Histologic sections were evaluated for the predominance of epithelioid cells versus physaliferous cells, presence and degree of nuclear pleomorphism, spindling, necrosis, and cellularity; dedifferentiation was not observed.
Preoperative evaluation included standard radiographs, bone scan, CT scan, and MRI. A CT scan of the chest was performed to assess the presence of lung metastases. All imaging studies were examined by an experienced musculoskeletal radiologist (ER).
The aim of surgery was to obtain a wide resection. Sacral resections were classified according to the level of tumor extension: resections above the S3 vertebra were defined as ''proximal'' (37 patients [66%]) and those at or below the S3 vertebra were ''distal'' (19 patients [34%] ). All proximal resections were performed by a combined anterior (transperitoneal) and posterior approach; 35 patients had subtotal sacral resection and two total sacral resection. All distal resections were performed by a posterior approach using a longitudinal midline or triradiate incision. The anterior approach allows identification of the pelvic structures, ligation of the internal iliac arteries, and exposure of the sacrum proximal to the tumor. The posterior approach offers the advantages of a single operation, shorter operative time, and less morbidity but with the risk of possible hemorrhage and injury to pelvic viscera during tumor resection. The anterior approach was performed in the supine position, occasionally with the assistance of general surgeons (AB, MR). The tumor was approached transperitoneally by a midline laparotomy incision. The posterior parietal peritoneum was opened, the ureters were identified, and the iliac vessels were dissected bilaterally. The middle sacral, lower lumbar segmental, iliolumbar, and internal iliac arteries and veins were ligated to reduce intraoperative bleeding during posterior surgery. Draining veins were ligated or cauterized to improve visibility and lessen blood loss. The sacral foramina were used as landmarks for the anterior sacral osteotomy when free of tumor, and the sacroiliac joint was identified lateral to the lumbar trunk (L4-L5) of the lumbosacral plexus. When feasible, a transverse proximal osteotomy was performed at the desired level of resection. Bone wax was applied to the osteotomy to reduce bleeding and improve visibility. A transabdominal myocutaneous rectus abdominis flap [7] packed within the pelvic cavity was used in six patients. A laparotomy sponge was then placed posterior to the vascular structures and rectum for protection during the posterior resection.
In the posterior approach, dissection was performed through the subcutaneous tissue, fascia, and posterior pelvic muscles as indicated by the preoperative imaging studies. All skin areas, previous biopsy sampling, radiation-induced changes, and scars from previous surgery were excised en bloc. To obtain a wide resection, muscle dissection was performed as distant as possible from tumor margins. When not involved by tumor, the sciatic nerve and sacral nerve roots were identified and preserved. Laminectomy was then performed. In proximal sacral resections, the dural sac was ligated with a double-layer suture. When dissection of the soft tissues was completed, osteotomy of the sacrum and sacroiliac joint was performed, and the tumor was then removed. An osteotomy technique using a threadwire saw (T-saw) [37, 52] for proximal partial lateral sacral osteotomy through the posterior approach was sometimes used. The laparotomy sponges were then removed and hemostasis obtained. Frozen sections of specimens from osteotomy sites and soft tissues were evaluated; in case of histologically proven contamination, further resection was performed. We closed off the posterior wound directly or with a myocutaneous rectus abdominis flap. No patients in this series underwent reconstruction. Surgery ranged from 6 to 24 hours.
Histologically, margins of the tumor specimens were defined according to Enneking [19] as (1) wide in 31 patients (55%); (2) marginal in nine (16%); (3) intralesional in five (9%); (4) and wide-contaminated if intraoperatively the tumor was exposed or its pseudocapsule was seen, but further tissue was removed finally achieving a wide margin in 11 (19%). In the nine patients who had previous intralesional treatment, the final margins obtained were wide in five, marginal in one, intralesional in one, and widecontaminated in two.
Postoperative management included bed rest and analgesics and progressive mobilization using a lumbosacral corset as tolerated. The purpose was to mobilize the patients as soon as possible to prevent immobilizationrelated complications such as deep venous thrombosis and urinary infections. All patients who underwent distal resections were able to walk without external support. Complications were classified as intraoperative, early (within 30 days of surgery), and late (more than 30 days from surgery) ( Table 2) .
Routine followup evaluation was performed every 3 months for the first 2 years, every 6 months for the next 3 years, and then annually. Each followup evaluation included clinical and neurologic examinations [8] and imaging studies with standard radiographs, CT scan, and MRI; a CT scan of the chest was performed annually. The presence of local recurrence, metastasis, or death was assessed and the patients subdivided as follows: (1) continuously disease-free (if the patient was continuously disease-free to the latest routine followup); (2) disease-free after treatment of local recurrence or metastasis; (3) alive with disease, patients with local recurrence or metastasis; and (4) died of disease and died of other disease, patients who died from the tumor or other unrelated causes, respectively. The three patients who died early postoperatively from complications not related to the tumor were excluded. Continuous variables were expressed as mean ± SD. Categorical variables were expressed as number of occurrences and percentage of the total patients in a category. Actuarial overall survival and survivorship to local recurrences were analyzed using the Kaplan-Meier survival analysis [40] . Differences in survival were determined with the log-rank test. The effect level of resection, surgical margins, and previous intralesional surgery on survivorship to local recurrence was evaluated using the multivariate Cox regression analysis with stepwise forward procedure [40] . The data were recorded in a Microsoft 1 Excel 1 2003 spreadsheet (Microsoft Inc, Redmond, WA) and analyzed using MedCalc 1 Software Version 11.1 (MedCalc Software, Mariakerke, Belgium).
Results
Overall survival was 97% at 5 years, 71% at 10 years, and 47% at 15 years (Fig. 1) ; 34 of the 53 patients (64%) are alive and 19 patients died (Table 3 ). Survivorship to local recurrence was 65% at 5 years and 52% at 10 years (Fig. 2) ; 24 of the 53 patients (45%) had local recurrence at a mean time from surgery of 3.7 years (range, 4 months to 12 years). The overall metastasis rate was 30% (16 patients); 11 patients had local recurrence and lung metastases, and five only lung metastases that, in two of these patients, developed after 12 and 13 years.
Wide surgical margins were associated with increased survivorship to local recurrence (p = 0.045) ( Fig. 3 ; Table 4 ). We found no difference (p = 0.677) in survivorship to local recurrence between wide and wide-contaminated surgical margins (Fig. 4) . Previous intralesional surgery Dead of other disease 2 (4%) *Three patients who died postoperatively were excluded from oncologic evaluation. Fig. 2 Survivorship to local recurrence was 65% at 5 years and 52% at 10 years. was associated with (p = 0.010) an increased local recurrence rate (Fig. 5) and it was the independent predictor to local recurrence on Cox regression analysis. We found no association (p = 0.224) between a lower level of resection and survivorship to local recurrence (Fig. 6 ).
Discussion
Surgical resection is considered the treatment of choice for sacral chordoma because it improves local control and disease-free survival [1, 2, 4, 5, 13, 14, 38, 42, 44, 56, 57] . The primary prognostic factor considered is the type of surgical margin attained at initial surgery [5, 9, 20, 29, 31, 36, 50] even when sacrifice of adjacent neurovascular structures is necessary [22] [23] [24] 49] . We therefore (1) confirmed the survival reported previously; and (2) determined the effect of surgical margins, previous intralesional surgery, and level of resection on survivorship to local recurrence. *Three patients who died postoperatively from complications were excluded; in two of these, the margins were wide and in one intralesional; five patients had also probably intraoperative contamination. 56 surgery only *Rates were recalculated for sacral chordomas only; previous intralesional surgery performed elsewhere; RT = radiation therapy; P/P RT = proton/photon beam radiation therapy.
We recognize limitations to our study. First, while we report a relatively large number cohort of patients with sacral chordoma, the subgroups are small and we cannot ensure our findings of no differences in wide versus widecontaminated margins or level of resection do not reflect a Type II error. Second, as with virtually all studies of sacral chordoma, ours is retrospective and some variables are uncontrolled. The relatively long-term followup does allow us to determine overall recurrence rates, however.
Local recurrence rates of 43% to 85% [2, 4, 5, 20, 26, 29, 31, 56, 57] and metastases rates of 5% to 40% at 1 to 10 years [3, 5, 29, 33, 38, 42, 50, 57] have been reported for sacral chordomas (Table 5 ). In the present series, the overall survival was 97% at 5 years, 71% at 10 years, and 47% at 15 years. At a median followup of 9.5 years (range, 3-28 years), 45% of patients had local recurrence and 30% metastases, two of them long term after diagnosis and treatment.
The surgical margins obtained at initial surgery and previous intralesional surgery are the primary prognostic factors for local recurrence [2, 5, 6, 12, 14, 20, 26, 33, 38, 56, 57] . A surgical resection with wide margins has been associated with a 5% to 17% local recurrence rate compared with 71% to 81% when margins were intralesional or marginal [5, 20] . When gluteal invasion is present, the risk of recurrence is reportedly higher and wider posterior surgical margins are important [56] . To obtain wide margins, usually a combined anteroposterior approach is necessary for proximal chordomas, whereas wide resection of the distal sacrum can be performed through a single posterior approach [2, 15, 16, 42, 49] . With wide resection obtained at primary surgery, survivorship to local recurrence was increased. However, previous intralesional surgery and primary resection with intralesional or marginal margins carries a substantial risk factor for local recurrence.
Intraoperative contamination is a major complication in musculoskeletal tumor surgery [26, 33, 54] . One study reported [33] a local recurrence rate of 28% after en bloc tumor resection compared with a 64% local recurrence rate when the tumor capsule was violated intraoperatively. Another study [26] suggested intraoperative contamination of muscle and/or of the sacroiliac joint increased the probability of recurrence. We classified margins as widecontaminated when intraoperatively the tumor was exposed or its pseudocapsule was seen, but further tissue was removed finally achieving wide margins, according to Enneking [19] . Although literature [25, 32] describes an increased risk of local recurrence in intraoperative contamination, we found no difference in the survivorship to local recurrence in patients with wide-contaminated compared with wide margins.
Proximal sacral resections are associated with substantial perioperative morbidity, including wound complications requiring flap closure, mechanical instability requiring spinopelvic reconstruction and fusion, stress fractures, and long-term neurologic deficits [5, 14, 16, 20, 24, 38, 42, 47, 55, 56, 58] . Although there are various solutions, most authors recommend spinopelvic reconstruction after total or high proximal sacrectomy because of instability associated with complete dissociation of the mobile spine with the pelvis [17, 18, 28, 41, 45, 55] . However, other surgeons [11, 34, 46] , including us, do not advocate reconstruction of the osseous defect after total sacrectomy because of the risk of major wound complications (especially deep wound infection) and considering the acceptable ambulatory status of patients. Usually, after total sacrectomy, the lumbar spine migrates inferiorly and remains between the ilia [17, 18, 45, 55] . The muscles and scar between the pelvis and spine form a biologic sling eventually stabilizing the spine. Most patients are able to walk with a brace with only slight back or leg pain [25] . Distal sacral chordomas can be resected more easily and with less postoperative disability than proximal tumors [35] . However, in the surgical planning of a distal sacrectomy, preoperative staging of tumor infiltration into the gluteal muscles by MRI is crucial, and vast muscular resection is required for wide resection to reduce the risk of local recurrence [1, 21, 26, 31, 56] . Although we presumed resection at a lower level of the sacrum would relate to survivorship, we found no such difference with our relatively small cohorts.
Primary wide surgical resection is necessary for longterm survival of patients with sacral chordomas. Previous intralesional surgery is associated with higher rate of local recurrence; we therefore believe surgery should be performed in a specialized tumor center with high levels of surgical and oncologic expertise. Intraoperative contamination is a major complication but does not affect survival if the overall margins are wide.
